The tuning of the dispersion characteristics of a balanced composite right-and left-handed transmission lines is demonstrated at centimeter and millimeter wavelengths. To this aim, coplanar waveguides, periodically loaded by interdigitated capacitances and stublike inductances, were fabricated onto a Ba 0.5 Sr 0.5 TiO 3 ferroelectric thin film. The scattering parameter measurements show that the lines are left handed from 8 to 18 GHz and right handed above. The results are interpreted by the retrieval of the effective permittivity and permeability, which exhibit Drude-like dispersion characteristics with a magnetic plasma frequency, which can be tuned via the voltage-controlled permittivity variation in the BST thin film. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3068495͔
Metamaterial-based propagation media attract now much interest with the prospect to have further degrees of freedom in the design of novel microwave devices.
1,2 The balanced composite left-and right-handed modes, namely, the fact that the dispersion diagram does not exhibit a gap between the left-and right-handed dispersion branches, were early implemented via a transmission line ͑TL͒ approach. More recently, this operating mode was also demonstrated for bulk metamaterials constituted of omega-type inclusion arrays. 3 The key advantage of a balance composite mode is that the effective refractive index can be negative, zero, or positive by shifting the operating frequency across the gapless dispersion diagram. For many practical applications however, the tuning of the dispersion diagram, while maintaining the balance condition, appears preferable with respect to a variation in the operating frequency. So far, various works were reported in literature on the tunability of the metamaterial dispersion characteristics. A first approach is based on the integration of active solid state devices such as varactor diodes.
4,5 The capacitance variations versus voltage change the resonance frequency of the so-called split ring resonator ͑SRR͒ or complementary SRR elements. A similar frequency shift is also achieved by taking benefit of a microelectromechanical systems technology. 6 On the other hand, ferroelectric films can be used to tune the relevant frequencies of SRR array 7 or left-handed transmission lines. 8 In this paper, we consider this latter approach with special attention on the dispersion balance. To this aim, we fabricated coplanar transmission lines loaded by series lumped capacitances and shunt inductances in order to achieve a ground left-handed transmission branch. Indeed by this dual scheme of the conventional transmission line, a high pass filtering response is achieved. 9 The balance condition can be fulfilled provided that the right-handed elements, which result from the interconnecting elements ͑series inductance and shunt capacitance of a conventional transmission line͒, are balanced by the lumped elements ͑series capacitance and shunt inductance͒ responsible of the left-handed dispersion branch. In terms of circuit analysis, this corresponds to the equality between the resonant frequency of the overall series circuit and of the overall shunt circuit. 10 The difficulty stems from the fact that the distributed shunt capacitance is not tunable under moderate voltage control. A balance condition is demonstrated experimentally in a first stage for unbiased devices. Then, the tunability of the quasigapless dispersion characteristic will be demonstrated in a second stage by voltage controlling the permittivity of interdigitated series and shunt capacitances. At last, the tuning of the balance condition will be discussed on the basis of the experimental retrieval of the effective permittivity and permeability dispersion characteristics. which interconnect these elements behave as conventional transmission lines as aforementioned. They can be described in terms of distributed elements with the index RH standing for right handed. L RH is placed in series, whereas C RH is in parallel. In terms of circuit the balance condition is
It results from this relation that any variation in C LH has to be compensated by a right-handed capacitor put in parallel in the circuit in order to preserve the balance composite regime. This explains why in practice the right-handed capacitance ͑C RH ͒ will consist in a distributed fixed element and an additional tunable capacitor. The voltage-controlled capacitors were fabricated using an interdigitated ͑IDC͒ scheme. Figure 1͑c͒ shows an optical view of a device with 18 fingershaped electrodes. The finger width ͑L w ͒ as well as their spacing ͑L s ͒ are on a micron scale yielding a pitch ͑L w + L s ͒ around 2 m. Under this condition, a moderate voltage is required for controlling the permittivity of the underlying thin ferroelectric Ba 0.5 Sr 0.5 TiO 3 film. For the dispersion characteristics of material parameters, we took advantage of a broadband characterization of dielectric properties of thin BST films using a TL-like de-embedding technique, which combines the measurements of discrete devices and bare transmission lines. 11 In the frequency band of interest ͑5-40 GHz͒, the relative permittivity of a 300 nm thick film is quite constant as a function of frequency rBST ϳ 330. IDCs were designed using conformal mapping techniques. 12 Further details about the fabrication technology of the Ba 0.5 Sr 0.5 TiO 3 ferroelectric film deposited by a sol-gel technique and of IDCs can be found in Ref. 13 .
An optical view of a completed two-cell device is shown in Fig. 1͑c͒ . It consists of a coplanar waveguide ͑CPW͒ whose propagation properties can be assessed on wafer, owing to the probe foot prints apparent on both sides of the CPW. Stublike inductances ͑the long metal strips transverse to the propagation direction͒ are placed in a shunt configuration. They also serve for biasing the capacitors by means of narrow bias lines on each side of the CPW. Decoupling capacitances ͑metallized large area ceramic cubes͒ are soldered on the ground planes and wire bonding, which interconnect the side ground planes. The series capacitors appear as narrow slits in the central conductor. The voltage-controlled additional capacitance, which contributes to C RH in order to preserve the balance condition under bias is also apparent at the junction of stubs. Figure 1͑b͒ shows the dispersion characteristic, which can be calculated with the following elements: C LH = 120 fF, L RH = 0.53 nH, C RH = 128 fF, and L LH = 0.5 nH. They were fine tuned by comparing full wave and circuit analysis. The group and phase velocities exhibit opposite signs from 10 to 18 GHz and thus the propagation medium is left handed in this frequency range. There is no gap in the vicinity of k = 0 and hence the group velocity is nonvanishing. Above 18 GHz, the loaded transmission line exhibits a right-handed transmission branch. Figure 2 shows the frequency dependence of the magnitudes S 11 and S 12 for two devices, which consist of two and four cells, respectively, measured by means of an Agilent Vectorial Network Analyzer ͑10 MHz-40 GHz͒. As expected, the lines show a high-pass filtering characteristic with a frequency cutoff of around 10 GHz. Also, an almost flat transmission window ranging from 10 GHz up to at least 35 GHz is noticed. The insertion losses are around 1.5 dB/ cell for a return loss better than 10 dB. It can be shown that the losses are dominated by the dielectric loss of the BST film.
A direct experimental measurement of the dispersion characteristic can be achieved by the retrieval technique we recently developed on the basis of a Fresnel inversion technique.
14 The results are plotted in Fig. 3 . The overall agreement between the calculated dispersion characteristic and the measured wave vector/angular frequency relation is good with no gap between the left-handed branch and the right-handed branch. The corner frequency between the leftand right-handed dispersion branches is 18 GHz.
By applying a voltage across the capacitance terminals, the dielectric constant of BST film decreases. As a consequence, the resonance frequencies of series and shunt resonant circuits shift to higher frequencies, notably in the range ka = Ϯ 0.8 rd. This frequency blueshift is illustrated in the k vector range of interest ͑long wavelength operation mode͒, in Fig. 3 , for V bias = 10 V and 30 V, respectively. In order to have a deeper insight in the tuning of the dispersion characteristic, we plotted in Fig. 4 the real and imaginary parts of the effective permittivity eff and permeability eff , respectively. The frequency dependence of eff and eff was determined from the frequency dependence of the effective index n = ͑ eff . eff ͒ 1/2 and of the impedance Z = ͑ eff / eff ͒ 1/2 . Both effective parameters exhibit quasi-Drude dispersion characteristics in contrast to SRR-based transmission line showing Lorentz-type dispersion. 13 This nonresonant characteristic is primarily responsible of the broad left-handed dispersion branch. Also, it can be noticed that the equality between the electric and magnetic plasma frequencies is only valid for unbiased conditions for which the slight difference between these relevant frequencies results from the imaginary part of the effective index. Under bias, the discrepancy between the two characteristic frequencies increases in agreement with the aforementioned arguments in connection with the difficulty to the voltage controlling of the distributed capacitance. The change in the values of the lumped capacitance, via the BST permittivity tuning, more significantly affects the dispersion of the effective permeability. In contrast, eff is less affected by the voltage control of the BST film permittivity. It is worth mentioning that the stublike elements are responsible for the electrical activity. Indeed, the role of these elements can be compared to that of the shunt wires in the SRR/wire configuration. 15 On the contrary, the magnetic activity stems from the series capacitance. Their tuning by decreasing the capacitance level, via the decrease in the permittivity of BST films, explains the shift toward higher frequencies of the transition between negative and positive values of eff .
The composite left-and right-handed transmission lines, loaded by lumped ferroelectric varactors, designed and assessed at centimeter and millimeter frequency bands, show that a near balance condition ͑gapless dispersion characteristic͒ can be achieved and tuned continuously. The use however of the zero-index operating mode at k = 0 appears, however, very sensitive to the voltage control with a balance, which appears more and more difficult to fulfill at increasing tuning voltage, pointing out in the present work by the opening of a slight gap. From the application side, this work gives a deeper insight into the electromagnetic phenomena, which takes place in devices whose operation relies on an infinite wavelength, achieved at the center of the dispersion diagram at k = 0 with 0.
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